2ϩ -permeant, nonselective cationic channel. It is predominantly expressed in the C afferent sensory nerve fibers of trigeminal and dorsal root ganglion neurons and is highly coexpressed with the nociceptive ion channel transient receptor potential vanilloid 1 (TRPV1). Several physical and chemical stimuli have been shown to activate the channel. In this study, we have used electrophysiological techniques and behavioral models to characterize the properties of TRPA1. Whole cell TRPA1 currents induced by brief application of lower concentrations of N-methyl maleimide (NMM) or allyl isothiocyanate (AITC) can be reversed readily by washout, whereas continuous application of higher concentrations of NMM or AITC completely desensitized the currents. The deactivation and desensitization kinetics differed between NMM and AITC. TRPA1 current amplitude increased with repeated application of lower concentrations of AITC, whereas saturating concentrations of AITC induced tachyphylaxis, which was more pronounced in the presence of extracellular Ca 2ϩ . The outward rectification exhibited by native TRPA1-mediated whole cell and single-channel currents was minimal as compared with other TRP channels. TRPA1 currents were negatively modulated by protons and polyamines, both of which activate the heat-sensitive channel, TRPV1. Interestingly, neither protein kinase C nor protein kinase A activation sensitized AITC-induced currents, but each profoundly sensitized capsaicin-induced currents. Current-clamp experiments revealed that AITC produced a slow and sustained depolarization as compared with capsaicin. TRPA1 is also expressed at the central terminals of nociceptors at the caudal spinal trigeminal nucleus. Activation of TRPA1 in this area increases the frequency and amplitude of miniature excitatory or inhibitory postsynaptic currents. In behavioral studies, intraplantar and intrathecal administration of AITC induced more pronounced and prolonged changes in nociceptive behavior than those induced by capsaicin. In conclusion, the characteristics of TRPA1 we have delineated suggest that it might play a unique role in nociception. transient receptor potential vanilloid 1; synaptic transmission; patchclamp TRANSIENT RECEPTOR POTENTIAL (TRP) ankyrin 1 (TRPA1) is a nonspecific, Ca 2ϩ -permeable cationic channel, first identified in human fibroblasts (23). It is unique in its structure among TRP channels for having a large number of ankyrin repeat domains (16, 17, 19) , which are known to impart a springlike action to proteins (59). It is activated by physical stimuli like noxious cold (Ͻ17°C) temperatures and mechanical force, and by extracellular Ca 2ϩ (6, 8, 15, 16, 26, 31, 39, 42, 61, 65) . TRPA1 is also activated by several classes of compounds by distinct mechanisms: 1) allyl isothiocyanate (AITC, mustard oil), allicin and diallyldisulfide (garlic derivatives), acrolein (present in tear gas and car exhaust fumes) and N-methyl maleimide (NMM) activate TRPA1 by covalent modification of cysteine residues; 2) cysteine-mutated channels are activated by ␦-9-tetrahydrocannabinol and 2-aminophenyl borane; and 3) bradykinin (BK) activates TRPA1 by stimulating phospholipase C (PLC) and protein kinase A (PKA) (22, 38, 57, 64) . TRPA1 is also activated by endogenous chemicals produced during oxidative stress including H 2 O 2 /hydroxyl radicals, aldehydes such as 4-hydroxynonenal, cyclopentenone prostaglandins such as 15d-PGJ 2 , and hypochlorite (3, 9). TRPA1 is predominantly expressed in trigeminal (TG) and dorsal root ganglion (DRG) neurons with a high degree of coexpression with transient receptor potential vanilloid 1 (TRPV1) and trk receptors (2, 5, 32, 56, 60, 61) . The level of expression of TRPA1 increases in the presence of neurotrophic factors like nerve growth factor (5, 45, 46) .
TRANSIENT RECEPTOR POTENTIAL (TRP) ankyrin 1 (TRPA1) is a nonspecific, Ca 2ϩ -permeable cationic channel, first identified in human fibroblasts (23) . It is unique in its structure among TRP channels for having a large number of ankyrin repeat domains (16, 17, 19) , which are known to impart a springlike action to proteins (59) . It is activated by physical stimuli like noxious cold (Ͻ17°C) temperatures and mechanical force, and by extracellular Ca 2ϩ (6, 8, 15, 16, 26, 31, 39, 42, 61, 65) . TRPA1 is also activated by several classes of compounds by distinct mechanisms: 1) allyl isothiocyanate (AITC, mustard oil), allicin and diallyldisulfide (garlic derivatives), acrolein (present in tear gas and car exhaust fumes) and N-methyl maleimide (NMM) activate TRPA1 by covalent modification of cysteine residues; 2) cysteine-mutated channels are activated by ␦-9-tetrahydrocannabinol and 2-aminophenyl borane; and 3) bradykinin (BK) activates TRPA1 by stimulating phospholipase C (PLC) and protein kinase A (PKA) (22, 38, 57, 64) . TRPA1 is also activated by endogenous chemicals produced during oxidative stress including H 2 O 2 /hydroxyl radicals, aldehydes such as 4-hydroxynonenal, cyclopentenone prostaglandins such as 15d-PGJ 2 , and hypochlorite (3, 9) . TRPA1 is predominantly expressed in trigeminal (TG) and dorsal root ganglion (DRG) neurons with a high degree of coexpression with transient receptor potential vanilloid 1 (TRPV1) and trk receptors (2, 5, 32, 56, 60, 61) . The level of expression of TRPA1 increases in the presence of neurotrophic factors like nerve growth factor (5, 45, 46) .
Behavioral studies in mice lacking TRPA1 (TRPA1 Ϫ/Ϫ ) confirmed its role in nociception to pungent substances (7, 34) . Treatment with TRPA1 antisense oligodeoxynucleotide reduced behavioral hypersensitivity to cold after Complete Freund's adjuvant (CFA)-induced inflammation or sciatic nerve injury and decreased cold hyperalgesia following L5 spinal nerve ligation (27, 45) . TRPA1 knockout mice exhibited impaired behavioral responses to a cold plate maintained at 0°C (34) . However, experiments conducted by Bautista et al. (7) and Nagata et al. (42) failed to demonstrate this effect. Recent studies using TRPA1 knockout mice have confirmed that there is no difference in acute cold sensation, but mechanical sensitivity is significantly altered. It has been suggested that the mechanosensation of inner hair cells could be mediated by TRPA1 (15, 42) , but TRPA1 knockout mice did not exhibit any deficiency in hearing (7, 34) . TRPA1 knockout animals did not show any change in mechanical sensitivity as measured by paw withdrawal threshold using von Frey filaments. However, response to a forceful mechanical stimulus by a sharp blunt needle was significantly decreased (7, 34) . It has been demonstrated that low threshold A␤ and D-hair mechanoreceptive fiber characteristics have also changed (28, 35) . Recently, it has been shown that ablation of channels that are linked to TRPV1 lineage, which include TRPA1, resulted in a complete loss of thermal sensitivity but the mechanical sensitivity was unaffected (40) . Interestingly, the Drosophila orthologue of TRPA1, in contrast to its mammalian counterpart, is activated by heat and regulates thermotaxis (44) .
Inflammatory mediators stimulate protein kinase A (PKA) and protein kinase C (PKC) pathways, which have been shown to upregulate the activity of nociceptors like TRPV1 (13, 14, 29, 37, 44, 48) . Stimulation of PLC and PKA has been shown to modulate TRPA1 channel activity (57) . Translocation of TRPA1 from cytosol to plasma membrane has been shown to be promoted by increasing cAMP levels (64) . Since TRPA1 is highly coexpressed with TRPV1, we wanted to examine the potential modulation of TRPA1 by second messenger pathways that have been shown to upregulate TRPV1 activity.
In addition to their role in the peripheral nerve terminals, several nociceptive ion channels have been shown to be expressed at the central terminals of sensory neurons, where they are able to modulate synaptic transmission at the first sensory synapse (24, 33, 43, 58) . Sikand and Premkumar (58) have shown that the potentiation of glutamatergic transmission between DRG and dorsal horn neurons by capsaicin is regulated by PKC-mediated phosphorylation of TRPV1 and Ca 2ϩ -dependent desensitization of TRPV1 (58) . Kosugi et al. (33) showed that TRPA1 channels in the lumbar spinal cord modulate synaptic transmission (33) . We have studied TRPA1 function in the caudal spinal trigeminal nucleus (CSTN), the site of termination of nociceptors mediating craniofacial pain.
In this study, we have characterized the functions of TRPA1 in sensory neurons from wild-type and TRPV1 knockout mice (to rule out the possible involvement of TRPV1, because TRPV1 and TRPA1 are coexpressed), in Xenopus oocytes heterologously expressing the cloned receptor and in slices of CSTN from rats. We have also characterized the role of TRPA1 in nociception using animal models of pain.
MATERIALS AND METHODS
Electrophysiology. All the animals used in these experiments were cared for according to the standards of the National Institutes of Health (NIH, Bethesda, MD). All animal use protocols were approved by Southern Illinois University School of Medicine Animal Care Committee.
Adult rats and wild-type and TRPV1 knockout mice (Jackson Laboratories) were euthanized by isoflurane. Dorsal root ganglia (DRG) were dissected and the cells were dissociated by triturating with a fire-polished glass pipette. Cells were cultured in Neurobasal medium (Life Technologies, Buffalo, NY), supplemented with fetal bovine serum (10%), and grown on poly-D-lysine-coated glass coverslips. Cells were used within 5 to 15 h of plating. Small diameter (Ͻ30 m) rounded neurons were selected for patch-clamp experiments. More than 70% of these neurons responded to capsaicin. Giga-seal patch-clamp technique (21) was used to record whole cell and single-channel currents. For whole cell patch-clamp recordings, the bath solution contained (in mM) 140 Na gluconate, 2.5 KCl, 10 HEPES, 1 MgCl 2, and 1.5 EGTA, and pH was adjusted to 7.35 with NaOH; the pipette solution contained (in mM) 130 K-gluconate, 10 NaCl, 2.5 KCl, 10 HEPES, and 1 MgCl 2, and pH was adjusted to 7.35 with KOH. For current-clamp experiments, the pipette solution contained (in mM) 130 K-gluconate, 10 NaCl, 1 MgCl2, 10 BAPTA, 1 K2ATP, and 10 HEPES, and pH was adjusted to 7.35 with KOH. For current-clamp experiments in the presence of Ca 2ϩ , EGTA was replaced by 1.8 mM CaCl2. Currents were recorded using a WPC 100 patch-clamp amplifier (E. S. F. Electronic, Gottingen, Germany, or Axopatch 200B, Axon Instruments, Union City, CA). Data were filtered at 10 kHz, digitized (VR-10B, Instrutech; Great Neck, NY), and stored on videotapes or directly stored in the computer using a LabView interface (National Instruments, Austin, TX). For analysis of whole cell currents, data were filtered at 1 kHz (Ϫ3 db frequency with an 8-pole low-pass Bessel filter, LPF-8, Warner Instruments, Hamden, CT) and digitized at 2 kHz (LabView-based hardware and software).
For single-channel recordings, the bathing solution contained (in mM) 140 Na-gluconate, 2.5 KCl, 5 HEPES, and 1.5 EGTA, and pH was adjusted to 7.35 with NaOH. For cell-attached patches, Nagluconate was replaced with K-gluconate. The pipette solution contained (in mM), unless indicated otherwise, 140 K-gluconate, 10 NaCl, 10 BAPTA, 10 HEPES, 2 K2ATP, and 0.25 GTP, and pH was adjusted to 7.35 with KOH. For cell-attached patches, the pipette solution was Na-gluconate (140 mM) containing extracellular solution. Data were collected using Axopatch 200B amplifier with the filter set at 10 kHz, digitized (VR-1B), and stored in a computer. For analysis of amplitude and open probability (Po), the data were filtered at 2.5 kHz (LPF-8) and digitized at 5 kHz using LabView based hardware and software. Single channel analyses were performed using Channel 2, Australian National University, and QUB software (www.qub.buffalo.edu) (47, 53) .
For slice patch-clamp experiments, Sprague-Dawley rats (Harlan Laboratories, Indianapolis, IN) were bred locally. Rats 2-3 wk old were used for the recording of synaptic currents. Horizontal slices of brain stem were prepared using methods similar to those previously published (19) . Rats were deeply anesthetized with isoflurane (5%) and then decapitated. A block of brain stem from the obex to the upper cervical cord was removed, placed in cold (4°C), oxygenated physiological solution, and cut with a vibrating tissue slicer into 200-mthick horizontal sections. Two or three sections containing CSTN were obtained from the dorsal aspect of each brain. For recording, brain stem slices were placed on the stage of an upright near-infrared differential interference contrast microscope (Olympus BX-50wi). In horizontal slices, the spinal trigeminal nucleus caudalis was visible as a translucent band just medial to the spinal trigeminal tract. Recordings were made at 32°C.
Responses from brain stem slices were recorded in a superfusion chamber. Extracellular medium contained (in mM) 126 NaCl, 2.5 KCl, 1.2 MgCl2, 11 dextrose, 1.4 NaH2PO4, 2.4 CaCl2, and 25 NaHCO 3, and pH was adjusted to 7.35 with NaOH at 32°C; the medium was continually gassed with 95% O 2-5% CO2. Intracellular recording solution for recording miniature excitatory postsynaptic currents (mEPSCs) and inhibitory postsynaptic currents (IPSCs) had the following composition (in mM): 140 CsCl, 2 CaCl2, 10 EGTA, 5 HEPES, and 2 MgATP, and pH was adjusted to 7.35 with CsOH. Recording electrodes were pulled from capillary glass (1.5 mm outer diameter, 1.0 mm inner diameter). After filling with intracellular recording solution, an electrode impedance of 4 M⍀ is usual. The electrode tip potential was canceled and the electrode's component of the series resistance was fully compensated before the electrode was placed against an individual neuron visualized using infrared differential interference contrast optics. Tight seals of 2 to 10 G⍀ were routinely obtained by light suction, and whole cell mode was obtained by further light suction. After entry into whole cell mode, access resistance usually increased to 5-10 M⍀, but was not further compensated. Neurons were voltage clamped at Ϫ60 mV to record mEPSCs and at 0 mV to record mIPSCs. Current-and voltage-clamp recordings were conducted using an EPC10 amplifier (HEKA Elektronic). Amplification was done with a CyberAmp programmable signal conditioner and digitization was done with a Digidata 1200 computer interface. mEPSCs and IPSCs were digitized at 5 kHz and low-pass filtered at 2 kHz. The digitized signals were recorded with an Axon Instruments PClamp 7 program (Axon Instruments) running on an IBM PC compatible computer. Data were analyzed using Mini Analysis Program (Synaptosoft, Decatur, GA). The amplitude and frequency of the synaptic events were determined from 20-s data segments to avoid desensitization of responses over time. Only mEPSCs with amplitudes Ն5 pA were analyzed.
Oocytes were obtained by an abdominal incision after anesthetization of the frog by immersion in a 0.05% solution of 3-aminobenzoic acid ethyl ester (MS222). Frogs were euthanized by a subcutaneous injection of a 2% solution of MS222 according to NIH guidelines. One day after separation of the oocytes from the follicular layer, 50 -70 nl of TRPA1 cRNA were injected using a Drummond Nanoject (Drummond Scientific, Broomall, PA). Three days after the injection, oocytes were used for recordings. Double-electrode voltage-clamp technique was performed using a Warner amplifier (model OC725C, Warner Instruments). Experiments were performed at 21-23°C. Oocytes were placed in a chamber perfused (5-10 ml/min) with Ca 2ϩ -free Ringer solution containing (in mM) 100 NaCl, 2.5 KCl, and 5 HEPES, and pH was adjusted to 7.35 with NaOH. Current-voltage relationships were measured using 1-s voltage ramps from Ϫ80 mV to ϩ80 mV. Data were digitized and stored on videotape or directly stored on the computer using a LabView interface (National Instruments).
Behavioral studies. Nocifensive behavior was examined in wildtype and TRPV1 knockout mice after intraplantar injection of TRPV1 and TRPA1 agonists, capsaicin (2 mM) and AITC (1 mM), respectively. Nocifensive behavior was characterized by the latency, duration, and number of licks and/or shakes of the injected hindlimb in a given period of time. For the measurement of thermal and mechanical sensitivities, the rats were administered intrathecal capsaicin (25 g/20 l) and AITC (25 g/20 l). Thermal and mechanical sensitivities were determined using a plantar test instrument (Ugo Basile, Camerio, Italy) and dynamic plantar anesthesiometer instrument using von Frey probe (Ugo Basile, Camerio, Italy), respectively. For thermal nociceptive response, a mobile radiant heat source was located under the table and focused onto the desired paw. Paw withdrawal latencies (PWLs) were recorded three times for each hind paw and the average was taken as the baseline value. For mechanical nociceptive response, a 0.5 mm diameter von Frey probe was applied to the plantar surface of the rat hind paw with pressure increasing by 0.05 g/s and the pressure at which a paw withdrawal occurred was recorded and this was taken as paw withdrawal threshold (PWT). For each hind paw, the procedure was repeated three times and the average pressure to produce withdrawal was calculated (11) . PWLs/PWTs were determined 15 min, 30 min, and 1, 2, and 4 h after capsaicin/AITC administration.
Data analysis. All data are shown as means Ϯ SE. Significance is tested using unpaired Student's t-test, and the data were considered significant at P Ͻ 0.05. For analysis of synaptic currents, KolmogorovSmirnov (KS) test was used to compare the cumulative probability curves for inter-event intervals and amplitude between various treatment groups. Data are represented as means Ϯ SE and expressed as percentage of control, which is scaled to 100%. For experiments that involved manipulation of one of the legs (capsaicin or AITC injection), the data were normalized for each animal and the data obtained were subjected to a one-way ANOVA followed by Tukey's test. All the chemicals used in this study were obtained from Sigma (St. Louis, MO).
RESULTS

TRPA1-mediated whole cell currents in DRG neurons.
TRPA1-mediated whole cell currents in adult dissociated DRG neurons from rats or mice were recorded at Ϫ60 mV in response to application of agonists. TRPA1 agonists AITC and NMM have been shown to activate the channel by covalent modification of cysteine and lysine residues (22) . Since covalent modification is an irreversible process within the time course of electrophysiological experiments (15-60 min), therefore, it is expected that NMM and AITC activate the current in an irreversible manner, as seen with a high-affinity TRPV1 agonist, resiniferatoxin (53) . Surprisingly, brief application (20 -50 s) of NMM (20 M) or AITC (200 M) induced responses that were readily reversible (Fig. 1A ), but continuous application of higher concentrations of NMM (Ͼ50 M) and AITC (Ͼ500 M) induced a complete desensitization of the current response (Fig. 1B) . We determined the deactivation (current decay during washout) and desensitization (current decay in the continuous presence of higher concentrations of agonists) rates by fitting exponential functions. NMM-induced current deactivation could be well-fitted with a double exponential function with time constants of 30.3 Ϯ 11.2 s and 434.7 Ϯ 131.8 s, n ϭ 4; AITC-induced current deactivation could be fitted with a double exponential function with a time constant of 46.8 Ϯ 11.2 s and 444.5 Ϯ 103.7 s, n ϭ 3 (Fig. 1C) . Then, we determined the desensitization rate constants of NMM (Ͼ50 M)-and AITC (Ͼ500 M)-induced currents, which could be well-fitted with a single exponential function with a time constant of 55.7 Ϯ 13.0 s, n ϭ 5, and 33.8 Ϯ 7.7 s, n ϭ 5, respectively (Fig. 1D ). These observations suggest that the TRPA1 channels have at least two closed states while the agonist is being removed and the channels enter the desensitized state monotonically with a constant rate.
We also observed that repeated application of lower concentrations of the agonist AITC (20 or 50 M) increased the amplitude of the currents with subsequent applications. The amplitude of the current after the second (2 Ϯ 0.4-fold, n ϭ 3), third (2.9 Ϯ 0.7-fold, n ϭ 3), and fourth (3.5 Ϯ 1-fold, n ϭ 2) applications of AITC (20 M) was significantly larger (P Ͻ 0.01) than the first response. Similarly, at a concentration of AITC of 50 M, the second (1.74 Ϯ 0.1-fold, n ϭ 9), third (2.5 Ϯ 0.5-fold, n ϭ 3), and fourth (3.1 Ϯ 0.1-fold, n ϭ 3) responses increased significantly (P Ͻ 0.01) as compared with the first response ( TRPA1-mediated currents in TRPV1 knockout mice. It is possible that TRPV1 subunits combine with TRPA1 subunits to form heterotetramers (2, 56, 60) . We have found that in the wild-type animals, out of the total number of cells exposed to AITC and capsaicin during patch-clamp experiments, 9% responded to AITC alone, 38% to capsaicin alone, and 51% to both, AITC and capsaicin. Several studies have suggested an interaction between TRPV1 and TRPA1 that range from crossdesensitization to coassembly as heterotetramers (60) . To evaluate the properties of native TRPA1-mediated currents in isolation, without the possibility of TRPV1 channel interference, we recorded whole cell currents in response to AITC from adult dissociated neurons harvested from TRPV1 knockout mice. AITC-induced currents exhibited an increase in current amplitude with repeated application of AITC (50 M) in the absence of extracellular Ca 2ϩ . The increase in current amplitude with repeated application after the second (2.3 Ϯ 0.3-fold, n ϭ 15), third (3 Ϯ 0.9-fold, n ϭ 12), and fourth (3.2 Ϯ 0.3-fold, n ϭ 5) applications was similar to that seen in DRG neurons obtained from wild-type animals ( Fig. 2, E and  F) . At a saturating concentration of AITC (1 mM), the current amplitudes of second (0.5 Ϯ 0.06-fold, n ϭ 4), third (0.2 Ϯ 0.04-fold, n ϭ 4), and fourth (0.08 Ϯ 0.06-fold, n ϭ 2) applications were smaller than that of the first application (Fig.  2, G and H) .
Dose-response curve and current-voltage relationship. Dose-response curves were constructed by applying increasing concentrations of NMM (3-100 M) and AITC (10 -1,000 M) sequentially in the same cell, which yielded EC 50 values of 18 Ϯ 2.1 M and 173 Ϯ 4.2 M, and a saturating concentration of approximately 50 M and 1 mM, respectively (Fig. 3, A and B) .
AITC-induced membrane currents recorded at Ϫ60 mV were smaller than at ϩ60 mV. To determine the currentvoltage relationship, a ramp protocol (Ϫ80 to ϩ80 mV in 1 s) was used. Native TRPA1-mediated whole cell currents in response to AITC exhibited a slight outward rectification and reversed around 0 mV, which is consistent with nonspecific cation flux (Fig. 3C) . The extent of outward rectification exhibited by TRPA1-mediated currents was less pronounced than that observed with TRPV1-mediated currents (47, 49) . We recorded single-channel currents using cell-attached/outsideout patches to determine the mechanism of outward rectification. We found that in Ca 2ϩ -free conditions, TRPA1-mediated single-channel currents had a slope conductance of 105.8 pS and 70.3 pS at positive and negative potentials, respectively (Fig. 3D) . We also determined the probability of channel opening at different voltages. The P o at ϩ80 mV was 0.37 and at Ϫ80 mV was 0.09. These results show that both the single-channel conductance and the P o contribute to the slight outward rectification observed in our experiments. This observation suggests that activation of TRPA1 may induce a larger membrane conductance and a greater depolarization, while at resting membrane potentials as compared with outwardly rectifying channels such as TRPV1.
Role of extracellular Ca 2ϩ in TRPA1-mediated whole cell currents. It has been shown that cross-desensitization occurs between TRPA1 and TRPV1 with the use of TRPA1-and TRPV1-selective agonists (2, 25 . TRPA1-mediated currents induced by repeated application of 50 M AITC in the presence of extracellular Ca 2ϩ did exhibit a significant increase in the amplitude for the second (1.3 Ϯ 0.2-fold, n ϭ 8), but not the third (1.02 Ϯ 0.1-fold, n ϭ 6) and fourth (0.92 Ϯ 0.2-fold, n ϭ 4) applications (Fig. 4, A  and B) . Thus, in the presence of extracellular Ca 2ϩ , TRPA1-mediated currents exhibit tachyphylaxis. We have demonstrated earlier that a saturating concentration of AITC ( (Fig. 4, C and D) . Thus, in the presence of extracellular Ca 2ϩ , the increase in the current amplitude reversed with repeated application of lower concentrations of AITC, whereas it exacerbated the degree of tachyphylaxis at saturating concentrations of AITC. Although it has been shown that Ca 2ϩ is able to activate TRPA1 or sensitize its response to agonists (16, 65) , subsequent to activation, a profound desensitization follows (31) .
Modulation of TRPA1 by PKC and PKA in DRG neurons. PKC-/PKA-mediated phosphorylation is a critical component of chronic inflammatory pain and has been shown to modulate the nociceptive ion channel TRPV1. In light of the robust modulation of TRPV1 by PKC activation, we wanted to examine the effect of PKC activation on TRPA1-mediated whole cell currents in DRG neurons from wild-type animals. Since TRPA1-mediated currents exhibited an increase in amplitude with repeated application of AITC and NMM (lower concentration) in the absence of extracellular Ca 2ϩ , we eval- uated the effect of PKC activation by comparing the amplitude of the first response with that of the subsequent responses either in the presence or absence of phorbol 12,13-dibutyrate (PDBu). We did not observe a difference in the extent of increase in AITC-evoked whole cell current with repeated application in the presence of PDBu (1 M) (Fig. 5, A-C) . In similar experimental conditions, TRPV1-mediated currents had constant current amplitude with repeated application of agonists (Fig. 5F ). As expected, TRPV1-mediated whole cell currents evoked by capsaicin (30 nM) were strongly potentiated (2.3 Ϯ 0.24-fold, n ϭ 4) following PDBu application (Fig.  5, F-H) . Activation of PKA is also involved in chronic inflammatory conditions by modulating several ion channels that are critical for nociception, including TRPV1. PKA-mediated phosphorylation reverses Ca 2ϩ -induced desensitization of TRPV1 and is thought to be involved in maintaining the basal activity of this channel (10, 37, 41) . Incubation of the DRG neurons with 50 M forskolin ϩ 50 M IBMX did not significantly alter the fold change in current amplitude with repeated application of 20 M AITC (Fig. 5, D and E) . However, TRPV1 currents were potentiated 1.9 Ϯ 0.32-fold in Ca 2ϩ -free extracellular solution (n ϭ 7) (Fig. 5, F-H) . Recently, Schmidt et al. (57) have shown that activation of PKA causes translocation of TRPA1 from the cytosol to the plasma membrane in a Ca 2ϩ -dependent manner (57). We did not see a clear potentiation, although a trend was noted by the large SE at the third and fourth applications. One possible explanation for the lack of 
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effect with PKA in our experiments may be related to the dialysis of the interior as a result of conventional whole cell recording and that the experiments were done in the absence of Ca 2ϩ to avoid Ca 2ϩ -induced desensitization and tachyphylaxis.
Whole oocyte currents mediated by cloned TRPA1. Cloned TRPA1-mediated whole-oocyte currents were recorded in response to AITC in Xenopus oocytes heterologously expressing the channel. Uninjected and oocytes injected with cRNA other than TRPA1 did not exhibit a current in response to application of AITC. Oocytes were voltage clamped at Ϫ60 mV, the current evoked in response to AITC (100 M) exhibited an increase in the amplitude with repeated application of the same concentration similar to the findings from DRG neurons. The amplitudes of the second (1.6 Ϯ 0.2) third (2.6 Ϯ 0.3), and fourth (3.8 Ϯ 0.6) responses were significantly greater than the first response (P Ͻ 0.05, n ϭ 7) (Fig. 6, A and B) . This is in contrast to TRPV1-mediated currents, which were constant with repeated application of agonists (Fig. 6E) . A ramp protocol was used to determine the current-voltage relationship for TRPA1 (Fig. 6G) .
Oocyte expression system is an excellent system to study the effects of PKC-mediated phosphorylation. The PKC-mediated pathway can be robustly activated in the oocytes (48), hence we used this system to further validate our findings in DRG neurons that TRPA1 is not sensitized by PKC. PKC activator PDBu (1 M) was applied following the first AITC-mediated response. A comparison of the ratio of the amplitude of the first response to that of the second, third, and fourth responses in the presence and absence of PKC activator PDBu did not exhibit a significant difference (Fig. 6, C and D) . However, TRPV1 responses did not increase with repeated application, but the responses were strongly potentiated (Ͼ10-fold, n ϭ 4) following application of PDBu (Fig. 6, E and F) . A ramp protocol was used to determine the current-voltage relationship for TRPA1-induced currents. In the presence of AITC (100 M), the current amplitude increased significantly (Fig. 6G) . As in DRG neurons (Fig. 3C) , the outward rectification in cloned TRPA1 was not pronounced as compared with other TRP channels such as TRPV1 or the melastatin transient receptor potential channel TRPM8 (49). Oocytes do not have a strong PKA system; therefore we could not test the role of PKA in the modulation of cloned TRPA1.
Modulation by protons and polyamines. TRPV1 is activated by protons, and this has been shown to be a critical mechanism for ischemia-induced pain and proton-mediated CGRP release in the heart (62). Since TRPA1 is highly coexpressed with TRPV1, we wanted to examine the effect of protons on this channel. Expression of channels in oocytes is an excellent system to test the modulation of a channel by protons, since DRG neurons have several channels that are activated by protons. Surprisingly, an increase in the proton concentration (lowering pH) inhibited AITC-induced TRPA1-mediated currents in a concentration-dependent manner with an IC 50 of 5.39 Ϯ 0.03. A complete block was observed below pH 5 (Fig.  6H ). This is an interesting finding since protons are an important component of any inflammatory process and raises an intriguing possibility of opposing modulation of nociceptive channels expressed in the same sensory neurons. Since polyamines such as spermine has been shown to potentiate TRPV1 current (1), we determined the effect of spermine on cloned TRPA1 in oocytes. Spermine blocked TRPA1-mediated whole-oocyte currents in a concentration-dependent manner with an IC 50 of 286 Ϯ 12 M (Fig. 6I) . Blockade of TRPA1 by protons and positively charged molecules like spermine is intriguing since TRPV1 expressed in the same neurons is activated by these agonists.
TRPA1-mediated membrane depolarization and action potential generation.
To attribute a physiological significance and to study the effect of TRPA1 activation on DRG (from wild- type animals) neuronal membrane potential, we employed current-clamp techniques. The concentrations of AITC and capsaicin used to compare the characteristics of activation of TRPA1 and TRPV1 respectively were based on the observation that 50 M AITC and 30 nM capsaicin induced membrane depolarization to the same extent (Fig. 7D) . The average membrane potential was Ϫ61 Ϯ 4 mV (n ϭ 9). Neuronal membrane excitability was tested by injecting current (10 -100 pA) to induce action potentials before application of AITC or capsaicin (Fig. 7, A and B) . In the absence of Ca 2ϩ , application of AITC (50 M) or capsaicin (30 nM) induced a membrane depolarization, which generated multiple action potentials upon reaching threshold (Fig. 7, A and B) . The average time needed to reach threshold after application of AITC (37.6 Ϯ 4 s, n ϭ 6) was significantly longer as compared with capsaicin (8.3 Ϯ 1.6 s, n ϭ 3) (P Ͻ 0.01, Fig. 7C ). The extent of membrane depolarization induced by AITC (50 M) (21.5 Ϯ 2.6) mV was not significantly different from that induced by capsaicin (30 nM) (22.6 Ϯ 3.9 mV, Fig. 7D ). Quantification and comparison of the number of action potentials induced by AITC and capsaicin revealed a significantly (P Ͻ 0.01) greater number of action potentials induced by AITC (149 Ϯ 4.7, n ϭ 6) as compared with capsaicin (39 Ϯ 4, n ϭ 3) (Fig. 7E) . The average time needed for the membrane potential to reach baseline value after depolarization was significantly longer (P Ͻ 0.05) following AITC (97.2 Ϯ 9.2 s, n ϭ 6) as compared with capsaicin (20.6 Ϯ 0.5 s, n ϭ 3) (Fig. 7F) . Hence, major differences exist between the activation characteristics of these two channels with respect to their rate of membrane depolarization and deactivation; this could lead to enhanced nociceptive transmission by activation of TRPA1 as compared with TRPV1.
Modulation of synaptic transmission by activation of TRPA1. It is becoming increasingly apparent that nociceptive ion channels that are expressed in the peripheral terminals of sensory neurons that perceive noxious stimuli are also present in the central terminals of these neurons. In this study, we have used brain stem slices and recorded currents from the CSTN neurons. Giga-seal patch-clamp technique was used to record fast mEPSCs mediated by AMPA receptors after blocking the action potentials with TTX (1 M) and GABA, glycine and NMDA currents with bicuculline (20 M), strychnine (2 M), and APV (20 M), respectively. Application of AITC (100 -300 M) induced an increase in synaptic activity (Fig. 8A) . The increase in the frequency of miniature events is revealed as a decrease in inter-event interval in 7 out of 11 cells (KS test P Ͻ 0.05) (Fig. 8B) . AITC treatment also increased the amplitude of mEPSCs in 4 out of 11 cells (KS test P Ͻ 0.05) (Fig. 8C) . The mean increase in mEPSC frequency is shown in the summary graph (Fig. 8D) . The increase in mEPSC frequency suggests that TRPA1 activation increases glutamate release at central sensory afferent terminals. Similarly, we recorded mIPSCs in the absence of bicuculline and strychnine. mIPSCs were recorded at a holding potential of 0 mV. Following application of AITC (100 -300 M), the synaptic activity increased (Fig. 9A ). Both the frequency and the amplitude of IPSCs were significantly increased in four out of five cells (KS test P Ͻ 0.05) (Fig. 9, B-D) . The increase in the frequency of mEPSCs is similar to that observed with TRPV1 activation, but activation of TRPV1 did not alter the amplitude of mEPSCs (24) . Furthermore, TRPV1 activation altered neither the frequency nor the amplitude of mIPSCs (24, 43, 58) . A study by Kosugi et al. (33) shows an increase in mEPSC and mIPSC frequency and amplitude from slices taken from the lumbar region of the spinal cord (33) . The extent of increase in frequency is lower in our experiments as compared with the increase shown by Kosugi et al. (33) . This may be due to the age of the animals used (40 days) in these studies as well as the region from which slices were prepared (lumbar spinal cord dorsal horn). Several studies have been performed using TG neurons, and there seems to be a significant expression of TRPA1-expressing neurons in TG (30, 54) . This result may have significance in the transduction of craniofacial pain, where CGRP-induced vasodilation impacts the nerve terminals exerting a mechanical force, which is manifested as pulsatile and throbbing headache with the change in the blood pressure (4, 18, 36) .
TRPA1-mediated behavioral effects. To evaluate the behavioral effects of TRPA1 activation in vivo, intraplantar AITCand capsaicin-induced nocifensive behavior was characterized and quantified. To induce nocifensive behavior, a higher concentration of AITC (1 mM) is needed. At higher concentrations, other effects, which include release of CGRP, BK, SP, and other proinflammatory agents, will sensitize or activate other ion channels, thereby increasing the complexity of explaining the data. On the other hand, it has been shown that there is an interaction between TRPV1 and TRPA1 activity, which includes the suggestion of coassembly as heterotetramers (2, 56, 60) . Furthermore, recently it has been shown that higher concentrations of AITC activate TRPV1 (17) . To avoid these complexities, we used TRPV1 knockout animals. AITCinduced nocifensive behavior in TRPV1 knockout mice exhibited a mean latency of 6.1 Ϯ 0.7 s (n ϭ 8, Fig. 10A ) with a mean total duration of 366 Ϯ 47 s (Fig. 10B) . The animals exhibited a mean of 18.1 Ϯ 3.7 licks and 20.6 Ϯ 8 shakes (Fig.  10, C and D) . On the other hand, intraplantar capsaicin in wild-type mice evoked nocifensive behavior with a mean latency of 6.3 Ϯ 1 s (n ϭ 19, Fig. 10A ) with a mean total duration of 42 Ϯ 5 s (Fig. 10B) . The animals exhibited a mean of 4.8 Ϯ 0.5 licks and 7.2 Ϯ 1.4 shakes (Fig. 10, C and D,  respectively) . Thus, the total duration of nocifensive behavior in response to TRPA1 activation was significantly longer than that of TRPV1 activation (P Ͻ 0.05). The number of licks and shakes was also significantly greater (P Ͻ 0.05) than that seen following capsaicin injection (Fig. 10, C and D) . 
DISCUSSION
It has been proposed that TRPA1 is activated by reactive molecules that covalently modify the cysteine and lysine res- Fig. 10 . Comparison of TRPA1-and TRPV1-mediated nociceptive behavior. A: latency of onset of nocifensive behavior was not significantly different for TRPV1 knockout mice injected with intraplantar AITC (1 mM) or wildtype mice injected with capsaicin (2 mM). B: total duration of nocifensive behavior after injection of AITC was significantly longer that of induced by capsaicin injection. C: mean number of hind paw licks after AITC injection was significantly higher than that induced by capsaicin injection. D: mean number of hind paw shakes after AITC injection was significantly higher than that observed with capsaicin injection. E: intrathecal administration of 25 g/20 l AITC induced a long-lasting thermal hypersensitivity as compared with intrathecal administration of capsaicin. F: intrathecal administration of 25 g/20 l AITC caused a long-lasting change in mechanical sensitivity, whereas intrathecal administration of capsaicin had no effect.
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idues. This interaction changes the conformation of the channel protein rendering the channel to its open state. Covalent modification is considered to be an irreversible process within the time frame of the electrophysiological experiments. However, it is puzzling that under our experimental conditions, responses induced by lower concentrations of AITC and NMM were readily reversible by washout. The deactivation phase of the currents could be well-fitted with a double exponential function. At higher concentrations of agonists, the current responses completely desensitized and the desensitization phase could be well-fitted with a single exponential function. It is not clear whether desensitization observed with reactive covalent modifying agonists can be equated with pharmacological desensitization with agonist such as glutamate, GABA, and ACh, where the channels enter an open state and with continued exposure of agonists, the channels enter a desensitized state. Upon agonist removal, the channels reenter the closed state with time, from which it can be reactivated again.
In the absence of extracellular Ca 2ϩ , native and cloned TRPA1-mediated whole cell currents exhibited an increase in amplitude with repeated application of low concentrations of the agonists, but at higher concentrations of agonists exhibited tachyphylaxis. However, in the presence of extracellular Ca 2ϩ , lower concentrations of agonists induced an initial increase in current amplitude followed by tachyphylaxis. In the presence of higher concentrations of agonists, the degree of tachyphylaxis was significantly greater in the presence of extracellular Ca 2ϩ . The effect of Ca 2ϩ in modulating TRPA1 is complicated, given the fact that extracellular Ca 2ϩ potentiates the current, but subsequently induces profound desensitization. It is difficult to understand the physiological relevance. In our experiments, we have observed that agonist concentrationdependent desensitization as well as Ca 2ϩ -dependent desensitization. The effect of extracellular Ca 2ϩ on TRPA1-induced whole cell currents suggests that in physiological conditions, the strength of a stimulus that activates the channel might determine the effect of subsequent stimuli by influencing the intracellular levels of Ca 2ϩ . A stimulus of submaximal strength might lead to a phenomenon similar to wind-up and enhance nociceptive transmission, whereas a stimulus of higher strength might lead to a run-down of the response.
The current-voltage relationship of TRPA1-mediated whole cell currents exhibited minimal outward rectification as compared with other TRP channels such as TRPV1 and TRPM8 (49) . The outward rectification in whole cell currents of TRPV1 is due to voltage-dependent reduction in single-channel conductance as well as P o (47) . The minimal rectification exhibited by TRPA1 is due to a lesser extent of voltagedependent decrease in amplitude and P o . The rectification is also shown to be altered by TRPV1 and TRPA1 association (56) . Lack of rectification may induce larger currents at negative membrane potentials. It is possible that in the presence of an agonist, TRPA1 is more active near the resting membrane potential and plays a role in transduction of subthreshold nociceptive stimuli.
TRPV1 is modulated profoundly by the activation of PKCand PKA-mediated phosphorylation. Stimulation of PKC strongly sensitizes TRPV1 to its agonists and potentiates its response. On the other hand, stimulation of PKA reverses Ca 2ϩ -induced desensitization (10, 37, 41) . In light of the fact that TRPA1 and TRPV1 are coexpressed in a subpopulation of nociceptive neurons involved in inflammatory pain, we investigated the potential role of PKC and PKA activators on TRPA1-mediated currents. In our experiments, TRPA1-mediated currents were not modulated in a conventional manner by either PKA or PKC stimulation. In DRG neurons coexpressing TRPA1 and TRPV1, a profound potentiation of TRPV1-mediated currents was observed, consistent with the earlier work. The absence of PKC and PKA-mediated potentiation of TRPA1 may be due to the nature of agonists that are used to activate the receptor. AITC and NMM activate TRPA1 by covalent modification of cysteine residues. It is possible that this activation mechanism is not dictated by the receptor sensitization state, since these compounds oxidize SH groups, so their affinity for ligand binding site may not be altered by phosphorylation. It is speculated that TRPA1 activity is susceptible to modulation in a conventional manner by PKA and PKC stimulation, when activated by noncovalent modifying agonists and physical stimuli such as cold and mechanical force.
The mechanism of activation of TRPA1 by BK has been studied and suggested that stimulation of BK receptors may transactivate TRPA1, especially if they are in close association with each other (6, 60) . It has been shown that BK does not activate TRPA1 directly, but both PLC and PKA are involved in the BK-induced modulation of TRPA1 (58) . Recently, it has been shown that stimulation of PKA promotes translocation of the TRPA1 receptor from cytosol to plasma membrane (57) . Therefore, it is not clear whether the sensitization is due to enhanced channel activity as a result of receptor phosphorylation or due to increased channel density. Unlike the potentiation of TRPV1-mediated responses, we were unable to observe a clear potentiation of TRPA1-mediated responses. This discrepancy may be because the experiments were conducted using conventional whole cell recordings and in the absence of extracellular Ca 2ϩ , where intracellular dialysis may have prevented the translocation of the receptors.
TRPA1-mediated whole cell currents were inhibited in a concentration-dependent manner by protons, but TRPV1 currents have been shown to be potentiated. This opposing effect of protons on TRPA1 and TRPV1 in the same neurons coexpressing the two channels raises interesting possibilities of their roles in inflammation, ischemia, and pathological conditions associated with a low pH. TRPA1, like TRPV1, is expressed in neurons innervating blood vessels, and selective activation of TRPA1 can induce vasodilation via the release of CGRP (50, 62) . Proton-induced CGRP release has been shown to be exclusively mediated via TRPV1 activation (20, 50, 62) . TRPV1 can release CGRP in response to ischemia-induced decrease in pH, however, the block of TRPA1 by protons could negatively modulate CGRP release.
In view of the differential modulation and dissimilar biophysical properties of TRPA1 and TRPV1 and their high level of coexpression, we wanted to evaluate the physiological relevance of activation of these channels using wild-type and TRPV1 knockout animals. Furthermore, it has been recently suggested that TRPV1 may be activated by AITC, although at higher concentrations (17) . We performed current-clamp experiments on DRG neurons to study action potential generation, whole cell patch-clamp on slices of the CSTN to study the modulation of synaptic transmission at the first sensory synapse, and in vivo nociceptive behavioral studies. The concen-C597 ACTIVATION CHARACTERISTICS OF TRPA1 tration of AITC, which induced the same extent of depolarization as capsaicin, reached threshold at a significantly slower rate as compared with capsaicin. However, the number of action potentials induced by equipotent concentrations of AITC was significantly greater than that of capsaicin. This finding is consistent with the observation that TRPA1-mediated whole cell currents exhibit a slower activation and deactivation rate, which could be responsible for prolonged firing of the nociceptive neurons during painful conditions. In brain stem slices of the CSTN, application of AITC increased the frequency of mEPSCs and IPSCs and also increased the amplitude in some cells. This is in contrast with TRPV1 activation that affects only the mEPSCs, but not the mIPSCs. These data suggest that TRPA1 is functional at central terminals of sensory neurons. Several endogenous ligands have been identified (3, 9) . It is also possible that increases in intracellular Ca 2ϩ could activate or sensitize TRPA1 followed by desensitization depending on the concentration of intracellular Ca 2ϩ achieved (16, 65) . Based on these observations, we suggest that during enhanced neuronal activity, TRPA1 could be modulated dynamically. This is in contrast to TRPV1, which shows only a Ca 2ϩ -dependent desensitization, but not activation. Bradykinin, produced at peripheral and central terminals, may also serve as an endogenous modulator of TRPA1 during inflammation (6, 57, 63, 64) .
Finally, animal behavioral experiments showed that intraplantar injection of AITC induced nocifensive behavior for significantly longer than that seen following capsaicin injection. It is interesting to note that AITC-induced nocifensive behavior was more severe (greater number of licks and shakes) than that observed with capsaicin. This effect may be due to the tendency for TRPV1 to undergo robust desensitization in the presence of higher concentrations of the agonist due to larger Ca 2ϩ influx. On the other hand, TRPA1 is not as Ca 2ϩ permeant and a longer activation time may be necessary to induce desensitization. The rate of deactivation of the whole cell current mediated by TRPA1 is also significantly slower than that of capsaicin and this may lead to prolonged depolarization of the membrane leading to greater number of action potentials. Intrathecal AITC-induced thermal hypersensitivity lasted significantly longer than intrathecal administration of capsaicin. In these experiments, the concentration of AITC or capsaicin that reached the nerve terminal is uncertain. Neither AITC nor capsaicin had any effect on mechanical sensitivity. Hence it is not possible to determine whether the nerve terminals in injected animals are stimulated by submaximal or saturating concentrations of the agonist. As discussed earlier, in the case of AITC, the concentration of the agonist determines the extent of tachyphylaxis. AITC and capsaicin are highly lipid soluble and it is possible that membrane-partitioning properties of the two agonists also contributes to the difference in the extent of nocifensive behavior observed in the study. In summary, all of the characteristics of TRPA1 we have uncovered suggest that TRPA1 is an integral ion channel that is involved in nociceptive transmission. So far, TRPV1 has had all of the attention and is considered to be a potential target for next-generation analgesic by evaluation of its antagonists/agonists (12, 51, 52) . Some of the functional characteristics of TRPA1 are comparable to TRPV1, whereas others are in stark contrast, such as the minimal outward rectification, slower activation, and deactivation kinetics and the block by protons and spermine. Taken these findings together with the differences in the nociceptive behavioral studies, there is an intriguing possibility that blockade of TRPA1 alone or in conjunction with TRPV1 could be a potential strategy for treating certain modalities of pain.
